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NATIONAIJADVISORY COMMITTEE FOR AERONAUTI~S.

TECHNICAL MEMORANDUM NO. .506.

. ..- . ,.
-ImACT WAVES ~ titiToNATION.”*

By R. Becker.

PART 11.

0. Applications to Detonation

8. The general fundamental equations.for detonation.-

It has already been stated a number of times that an Insight

into the microscopic processes of impulse waves is not to be

expected from an analysis based on continuum oonoepts. Never-

theless the maoroscopio characteristics of the wave may easily

be deduced from (14) or (15) snd (16) on the assumption that

the passage of the gases through the wave front shall in no

way violate the laws of the conservation of energy and of mass

nor the impulse law.

To this end it 1s oql.ynecessary to conceive of the wave

front situated between any.two cross sections, I and II of the

tube and apply the laws that have been deduced to this layer

of gases (Fig. 7.).

We will now consider the ease that within the wave front

lying betwepn I ~? ,I?~,q chernlgel.tr~sformation takes plaoe.

In referring technically to such a process we will designate
*From Zeitschrlft f& Physik, Volume 8, 1~22. ~or Pazt 1, see
N.A,C.A. Technica3 Memorandum No. 505.

11:–- ------ . . —— —
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as medium 1 the initial active gases, and as medium 2 the re-

-.aotlon produots resulting from the transformation of the aotlve- .——----

gases in their passage through the impact wave. It Is easy to

see that the deductions &awn from (15) and (16) are not af-

feoted by the faot that the Impact”wave is here bound up with

a ohemloel transformation. This is made even more olear when

e seek to determine, as In (27b) for the simple Impulse wave,

the energy difference ~ - El. Evidently, the heat of reao-

tion Q, must here be takeniinto aooount. It must here also

be noted that the equation of state for medium 1 is not the

same as that for medium 2. Slnoe, however, the equation of

state for the initial aoti- components - the valuem of pi,

v1> TI - are usually known, the oorrespondlng values for the

reaotion products pa, V2, T~ will be of chief ooncern in my

praotioal application to be made. But as long as the density

of the reaotion products, on account of their high temperature,

is smell, and therefore followed closely Boyle;s law, equ- .

tions (150) snd (16) will be applicable and we may write

J) (40a)

vi

. . ..... .Ea : E

1

~ V*.

% - El

i.
■ ■

. .

(40b)

= * (P. ‘Pa) (v. - ‘a)” (Mb)

=RT= (40d)

= ~(T=-Tz)-Q (#e)
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At very high densities of the reaotion products (resulting from

solid ex@osives) (40a, b, and o) will still hold, while (40d”

and e) exe subjeot to change. m c

In deducing equations (40) only t“wodifferent states of

the substances were considered - the gaseous and the liquid.

The application of these .equationsto solid explosives may

raise some questiondsince in this case the

longer a function of v and p; Instead’it

plicated way on the pressure tens-or. From

their praotlcal application, however, such

energy E is no

depends in some com-

the stsmdpoint of

questions should not

be given too much weight; for in the case of solid ex@osives

it is entirely immaterial whether we plaoe for ~ the actual

atmospheric pressure or the value O. The real elastic chsxao-

teristics of the solid explosives do not enter into the prob-

lem. For the reaotion products, on the other hand, ~, V=,

Pa the assumption is made that they may be treated as either

gases or liquids both for the further theoretical development
.

and also in praotice.

Equations (40) hold in general for the case that a ohemio-

al transformation at oonstant velocity traverses the aotive

components under the conditions already laid down for the en-

tire consideration here undertaken, viz., that the process is

a unidimensional one so that all _itudes may be represented

on a convenient r@ht-sngled coordinate system related to x

but not to y nor ‘“!8. Concerning the justlfioation of these

.—



!
.,... . .. ... .. . .. .. ..

r l?.A.Ci-& Techniosl Memorandum No. ,506

stipulations, the following observations

Measurements of the velocity of the
,.. ...... ,-----.... .

4

are offeredg

detonation wave have
..

shown that If tubes of very small diameter were used to con-

tain the explosive, lower vaJ-ueswere obtained than where larger

tubes were-used; but above a oertaln tube diameter the rate of

propagation of the detonation wave was found to be independent

of the oontsiner. R’orconsistent results with explosive gases,

tubes of diameter greater than 10 mm should he used (Dixon, 1.o.

1893) and for solid e~loslves, 30 to 50 mm (Z. B. Kast., 1-c- .

also Z. f. d. ges. Sohiess~- u. 6prengsloffwesen,Q, 156 (1913) ).

In order to make pldn the meaning of equations (40) m - -

shall make use of a p, v coordinate figure (Fig. 8). tie

point A corresponds to the pl VL values of the e~losive

substance. In general, pl has the value 1 atm. A curve is

then dra= from the Hugoniot equation (40c) on whioh the point

Pa .Va must lie. We next determine for v% = VI the case of

adiabatlo transformation at constant volume. In the case of

all e~losives this transformatlom is aocompemied by an increase

of pressure, leadlng to a point G of the H-ouzve Rbove the

point A. The case ~ = pi corresponds

stsnt pressure. This takes plaoe with an

corresponding to an amount of work done -

to combustion at oon-

iacrease of volume

.(&a -El)=

- p.(vl - v=). The-volume corresponding to ttiitiiioik -is hdi-

cated by the.point I’.

ne H-curve passing through the two points G and 1’ gives

..- — .— .— -.
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.. the values for the velocity of propagation D, of the reaotion
.- together with the-flow velocity. W, of the reaction products

(equations (40a) and (40b) ). It is to be noted here that the
,.
. Sigm of w, by compression (% < ~J is positive, indicating

a flow in the ssme direotion as D. By rarefaotlon, on the

other hand, (% > %), It is negative. Let a be the angle
. . .

13A~ then,.

.,,.,D = ~1-s

But ~~ for that portion

is imaginary and corresponds

H-cwve, therefore, consists

. ..-.

w=(vz- Va ) J“.

of the H-ourve between QsndF “

to no actuel natural process. The

of two independent portions corre--

sponding to two entirely different modes of a chemloal transfor-

mation which will be distinguished by the names detonation and

normsl lnumlng.

From the course taken by the &ourve we can make the fol-

lowing qualitative statements concerning these modes of transfor-

mation:

Detonation.- (The portion of the H-ourve, B D G). In the reao-

tion zone, intense inorease of pressure and concentration. Di-

rection of flow of combustion produots, positive. A high prop+

gat~orr-velocity, D;

=niqti- (The portion of the.,H-~ve, F K]q In--thereaotion.....

zone, deorease of pressure and dilatation. Direotion of flow of .

combustion produots W, negative. Relatively slow rate of prop-
.

agation D. .

— .
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Both these phenomena have long been known in tedhnloal
%

p~aotioe.. Their qualitative’distinctive characteristlos were

first pointed out by the discoverers of detonatlo~ BerthelQt

and Vieille, also by Mallard end le Chateller.

9. Normal detonatioq.-

has been ’gelneda qualitative

sideratlon. The figure might
\

By the above consideration there

idea of the processes under oon-

oonvey the impression, however,

that eJ.ongthe part of the ourve B (3 there

velocities of detonation. D. But experience

der ~exeful adjustment and measurement, the

of a definite substance has a oonstent velue

that substance. This value remains oonstant.

length of the tube, whether the tube be only

oculd be vsz’ying

has shown that un-

detonation velocity

cheraoteristic of

over the entire

a few centimeters

in length or a hundred meters. In what follows we shell show

that the theory here set forth elso predicts this fact end that

the detonation

H-curve. This

coincides with

beoomes stable only for a definite point of the

poifitis the point J where the tangent from A

the H-five. To substantiate this we shall show

the following statement to be true: The entropv is a minimum:

for the point J on the ourve and a m~imum for the pOfLnt K.

These two points being the points of contaot between the H-ourve

..”.- and the tangents dram to the ourve from tlie”polnt“L.

The e~rasslon for the ‘steepness of eny point Val ~,

on either the ediabatic or H-ourve is given by the equations

—.- . — — —. —— —. — — — .-
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d~
()v—=. d va/~;

-,,---------.,., ----

No. 506 ?

*=- ()
d J?a
d v*/H .

(41)

where the Indices, ad, H, Indioate differentiation olong m

adiabatic and H-curve, respectively. IFromthe genersl thermo-

dynamic equation for entropy 83 (S and E mce functions of v.

TdS=

It follows that

snd for.the H-curve, from (400)

U-”+k
aVz -*(P. -Pl)

●

u_._& (v, -va)
apa

In this expression pl and vi may be taken as given constant,

characteristic of the explosive.

lows“

and

*..,,,.-

~om these equations, it fol-
.

(% ‘P%)- (VZ ‘v=)
I aE

—-*(VI-V=)

(42)

a Pa . .

ds()T— tiE—+pa +a~ cmJ=a E
“dv#fH‘..?V= (). . i?iF&.. dVa/H

3X-(V m 9).“ (43)

In case the adiabatio and H-curve touch (q = ~), “theri,

of oourse
(
ds)
XJB = O. Equation “.(42)shows that at suoh a point,

.- .-11
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drawn from A

S has extreme

But
.. .

Memorandum No. 506
.

P* - P~ is the dlreotion of the tangent
‘a-v’,

8

to the H-curve. This shows that at J and K,

values. In order to determine whether these ex-

treme values are maximum

entld. is taken at these

sumption would mean that

follows that the sign of

and minimum or not, the second differ-

points and the assumption made that the

Va) will elwsys be positive. This as-

* Is finite. ~OIU (42) and (43) it

CFs()w~ at the points of conta~ Is the

same as that of “

But at these points

In general, the steepness q of the adiabatic decreases

with increasing volume; as a consequence p)%/&
1s negative.

If we represent by ~ the volume ~ corresponding to the

volume at the point of oontact, we have the simple result that

the sigm of
(d)
d=s
7~

in ~a is equk to the sign of (VZ - ~a ).

The entropy, therefore, has its minimum at J and its mxhum

at K as atated above.
------ ,.. - . ... .... . ......

That the adlabatio and H-curve have the same directiom at

a point of contaot J may e~sily be seen from the following

oonsiderations A line dram from A to a point B (pa ?=) of

.

— — .— ._ .



l“”
.. . . ................ ... ..

,.l?~A.C.A..Technioal Memorandum Mo. 506 9

Zhe H-curve will, In genersJ, cut thiB curve in a second inter-

section point D.(P’a v!a.)#●
. .-,Awo@ing to equation (40c)

[

,--, ..----~ . ----

E= - EL Is equal to the surface A v~vaB

1 and Ela-EX=Avl DID,

:-. hence E=- E~==DDlva B= * (Pa +P’, )
I

(VI= - VJ ) (443)

The Integral.of the line D B gives its dlrect~on

B
tJBTd S=tj’Bd E+t pdv
D D i

= Ea - El= _ s~face D DI va B,

hence
!~TdS=O (44)

When the points D snd B lie together ds = O, which is

the ease for the point of contact of a tangent @a~ from A

to the H-curve.

From equation (44) an important deduction may be drawn rel-

ative to the line D B. If the change in the integrals
B

‘%
$ T d S taken sZOng the line D B from D on, be consld-

.
ered, it will be fulfilled”when T d S In proceeding from D

toward B, ohanges its sign. But that means: In a point ly-

ing between D and B the adlabatio passing through this

point touches the line D B. If we oonslder the net of adiabat-

“----“Ic6,“S = const., “drawn on the fi~re, therithe adiabatic at

B (above J) will be steeper and at D (below J) be flatter

than the sl&nt of the line D B. The inclination of the adl-
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d%
batios is e&ressed (41),by q = - ( )~ ~“ That of the line

D...B.by’.tan a .=-
Pa - P3

● - Our result may therefore be expressed
% - ‘a

as
Above J (on J, B), CP> tan a’.

Below J (on J, B], Q < tan-a)

{45)

Wit4 the help

valuable criterion

The density of the

of this relationship, we obtain-at onoe a

for the stability of the detonation wave.

reaotlon produots ~, is greater at thev~— .

wave front than the density ~, of the initial.explosive com-
V1

ponents at this point. A little later, I.e., behind the wave

front, the combustion products wI1l expand since the pressure,

due to heat losses must sink below pa. There is thus formed ‘ .

immediately behind the wave front a rarefied region whose ten-

denoy must be opposed to the progress of the compression wave.

Whenever the wave front Is affected by the conditions just stated

it will not maintain Its pressure ~ and as a consequence, its.

rate of propagation till be reduced. The detonation wave will

only maintain its veloolty oharaoteristio of the explosive sub

stance as long as the velooity of this rarefied region In the

reaction products and the normal velocity of the detonatlo=

wave tire the seine.

The velocity .~f”thedetonation wave is given by the ex-

pression D = v=J’. The velocity of the rarefied area be-

hind the wave front may be oonceived of as sn ad~tive”qusntlty

made up of the velocity of so’undin the reaotion produot

..—.— —
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‘a m. &d” the mass velocity of the reac?tionpr~ducts
..--., ... ..-.

w=(vl - Va-j JGGi. ‘The detonation wave is therefore insta-
....

ble as long as’””
. .

vafi+(vl-~a)~’a “~l~S>O,

, that is, as long as
Cp>tanti.

We saw from equation (45) that for those points. B of the

H-curve above J, q is greatef thsn tana; and concluded

therefrom that no detonation represented by such points oould be

stable. They will be oontlnuslly weakened by the effect of the

erpansion of the reaotion’produots (from oooling) behind the

wave front. Any such designated point on the H-~ve will slip
..,,.

back until It reaohes J, snd at this point the detonation

w~e will become stable; for at J, qI= =. At this point$

too, the mass velocity of the reaction products have the same

velocity as the detonation wave. The detonation wave will from

“this point on propagate Itself within the gases at a oonstsnt

velocity oorresp~nding to the point J. What -e the conditions

represented by the lower part of the H-curve?-mIt”seems that

here for any given detonation velocity
‘J1 m= the veloo-

ity of movements

.- .the oondltion at

(44a) shows that

other as the gas

wave, vIz., that

of the reaotlon produots will adjust itself to

D or B,. A xeference t.oequations (150) snd

D end B stand in the ssme relation to-eaoh

oonditlons in front of and behind the impulse

the entropy is Always greater for B than it



— .— . .—— — —. .—

.

IIT.A.C.A. Teohnicsl M&norandum No. 506 12

is for D. When it is reoelled that the reaotion products at

the moment of th;lr fofiat~ori-&pr~s6nt the cofiditlonof mudmum

probability In the sense of statistical mechanics for the given

order of the reaotio~ it would be reasonable to conclude that

they would favor the condition Indioated by B, and that for

this reason the lower part of the detonation region of the H-

curve represents no real condition. By this line of reasoning,

we come to the following ooncluslons.

On the basis of thermodynamlo probability, only detonation

waves of the B-type above J in the coordinate figure, are pos-

sible. Mechanically, these waves are instable and pass over at

once to the normal detonation oonditlon indicated at J’.

The point J according to the above considerations is de-

termined by the relation

(46)

“ This equation gives with the general equation (40) a.spe-

clfio solution and definite vslue for normal detonation veloclty~

According to the above oonslderation it would indeed be

possible (as by intense initial Ignition) to induce detonation

waves of greater velocity than normal. They would, however, “

soon sink to the nor@l rate and there re,rnainoonstanlt. This iS..,,-

*Equation (46) was first given for the ease of gases by Chapman,
Phil. Meg. 47, 90 (1899) but on the erroneous assumption that
the entropy along the H+nxcve must have Its maximum.at the oint

iJ of normal detonation while .inreality it has there a min qum.
Later the qquation was agalm developed by Jouguet, Journ. d.
Math. ~ and ~, (1905) (1906). .

.
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P exactly the behavior which Klast (l.c.) observed and measured

r w-itha immber- o-fe~losives. This pszagraph deali-ngwith en-

~ tropy offers the opportunity to osll attention to the snnexed

1[ - coordinate figure (Fig. 9) in which the absoissas again repre--.t

[

sent specific volumes and the ordinates represent entropy.

~., ~ and Vfa axe the volumes oorrespondhg to normsl detonation

and to mexhum burning veloolty. V3 is the volume of the given
{

e~losive materizil..The line VX - Q corresponds to the in-

orease of entropy due to the chemioal reaction when the same

suffers no volume change nor heat

v= J ~d v~a K represent the

nation and to burning. When vZ

is possible for v= J to become

loss to the surroundings.

entropy change due to deto-

G Is relatively small, it

negative, which would mean

that slthough thermodynamically detonation is not possible,

burning can still take pla~e.

In case no chemical transformation accompanies the impact

wave, the wave

wave, in which

with Vz. The

‘Idegeneratesfl(~”entartetn)to an ordinexy sound

case the points J, G, K, Va , Vta fall together

curve given thus represents the oomse of entropy

change. It has at VZ a turning point in whioh it coincides

with the v-axis. The figure shows plainly the fact that com-

“ presslonsl waves axe identified with Increase of entropy. Rare-.. .. . _-

faction waves, on the other hsnd, are linked with entropy de-

o.reaseand are hence not realizable.

It is slso to be observed that

drawn from the above considerations

. . —

all of these conclusions

(md fulfilled by normal sub-

.— -. .-.
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stances) that the magnitudes
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are, In the region considered, negative; that is, accompanied by

deorease of steepness and inorease of volume. Since by unlimited

adiabatic increase of density the pressure of every substance
dmust increase beyond limit - whtch Is only possible if (+)
dv ~~

bedomes negative - it can be said that the validity of the

conoluslons drawn demsnd that the adiabatic In the p, v-graph
●

show no turning point. If we are to take into account slso such

possible abnormal substances In which a turning point does occur

then the above ooncluslon must be expressed: In sny Eiven medi-

um Compression impulses or rarefaotion Impulsesmalone are thermo-

dynamically possible according as the magn (+)itude ‘a
dv la

is pos-—.

itive cr Qegative.

Exactly the same conditions were met with In Seotion 2-

(N.A.C.A. Technical Memorandum No. 505 - Pat I Of this article)

In analyzing the meohadod. possibility of the formation of com-

pressional impulses. The quite independent criteria for the me-

ohanioal formation of compressional.impulses and their thermody-

nsmio possibility therefore rest on the ssme ground.

.. ““’’-”-The”numerical determination’of the ncrdml.-xletonatlonveloc-

ity of an e~losive is, in principle, completely.giVenby (40)
.

and (46) as soon as its chemical.trensformatio~ and heat of r8ao-

tion ar~ known. The oourse of the cslcul.athr differs according

L — .
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as we are to consider a gaseous or a solid e~losive. In the

case of gases the equation of state for an idee3 gas mey be ap-

plied to the reaction products. In the case of solid explosives

this msy not be justifiable.

I. Detonating Gases. If we represent by ~ the average

specifio heat of the reactiomproduots at oonstarrtvolume between
Op

TZO and Tao abs., Ta the ratio ~ of the specifio heats of “

the reaction products at Tao abs., Q the heat of combustion

of the chemioal transformation due to-detonatiorcin ergs/gram,.

then

four

inal

in order to

equations

C= (T.

calculate the rate of detonation, we have the

pa va=r~ T=,

-Tl)= Q+* (Pl +Pa) (vX -v. )

P = Vla ‘a - ‘1
vi - Va

( 47a)

(47b)

(47C)

In these equations the magnitudes PI, VZ, Tt, of the orig-

components, the heat of reaction, Q and the gas oonstant

ra of the reaction products, ere taken as known quantities.

Besides these the quantities “~ and Ya are known functions

Of Ta. This leaves the four magnitudes V=, ~, Ta and D,

to be determined. .By making use of the equation of state of the

. ..
.
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initial gaseous components,
~-------.-....- ....... ... . b . .

,< P1 % = r% TX

l’.
1 and the abbreviations
!“,
:.
-, P=+

..—..-.- ..
representing the compression in the detonation wave we obtalm

the following convenient expressions for oarrying out the osJ.- .,

ml.ation

P= P Ya ra Ta ●

.

If ~ and Ya be given as llnear functions of Ta,

(48a)

(48b) .

(48C)

then

from (48b) an approximatee value for
~=v

and then from

(48a) a better approximate value for Ta. If a correot solutlon
.

of equations (48a) and (48b) in the sense stated above has been

1 asxried out and the values ~f P and T found, then (480)
.

gives at once the value of the “detonationvelooi.ty D. -

. .. .. -—.- -. .-. ----- .-

‘e (Tra&latoris note;= ‘-

.... ----

The csloulation of the-desired magnitudes
mentioned above may be ozupied out with preolsion. The ssme
magnitudes are also required for the oaoulatiom of specifio
heats of gases at high temperature where explosion methods sre
used. References to these methods and to theory may be fcp.mdin
Nernst, Theoret. Chem. l@h edition, Macmillan, p. 783 (1923).
A more extended dlsoussion with experimental.results Is given @
Shilling, Trans. Faradsy soo. 22, 377 (1926).)

-.
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Jou@et, 1.0-, was the first to oelculate In this wey the
n

“ .-.“~eloclty-of”the-detonation wave.’ He checked the theoretical

results with twenty observed results of different e~losive mix-
.

tures given by Berthelot, le Chateller and Dixon. In his Calcu-

lations, however, he made use of speoific heat v~ues given by

Mallaxd and le Chatelier. His determinations were In satis-

factory agreement with observed re&l.ts . The-detonation tem-

peratures found in this way, lie, for the most part, over 3000°

abs. - temperature in conflict with our present-day knowledge

of specific heats. In this region ~so one 1s not secure in

making definite statements concerning the course of chemioal

transformations. It may, however, be stated that within?the

limlts of exactness with which the magni~udes “~ and Y= may

be determined, theory and observation ere in thorough agreement. .

(Tr~slatorls note.- The following table, teken from the paper
by Crussard, l.c., will illustrate the agreement between the
values calculated for the normal detonation wave and its veloci-
ty as observed by Dixon and by le Chatelier.

d Composition ! Normal detonation observed velocity
of 6~losive
mixture I Tabs.

2,596
2,596
2,596
S,050
3,570
3,5-GO

wave
cal.vel.#p..

‘3526
1798
1~92
.::w~

.185i -

m/s ‘

.—
3530 Dixon
1822 ~
1707 H
252B n
2166 H
.1850le Chatellez

.“

Detonation wave
$ dif.
ference

+0.1

+1.3t
+0.911
+2.OU
+1.3fi
-o.5n )
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II. Solld and Liquid Explosives. If a certain degree of

‘“”--~6ert&iri%yenters into the o-doulations of the detonation veloo-

Ity In the ease of gases, that uncertaitiy beoomes msxkedly

greater when we turn our oonslderation to solid or liquid explo-

sives. Sinoe every detonation Is oonneoted.with an Inorease of
.

density of the reaotion pr~duots, we shall have to do in this

ease with highly heated reaotion products of a density approach-

ing that of

of specifio

of ohemlcal

solids. For suoh cases, not only is the questiom

heats one of the greatest uncertainty, the oond.itiom

equilibrium becomes very uncertain also. R’urther,

we have no knowledge of an equation of state to fit such condi-

tions. Detonation pressures must rise at least above 10,000

atmospheres. They are surely far greater than we axe at present

able to produce by meoham!.oalmeans for e~erimental purposes of

observation and measurement. Every attempt to oalculate the

detonation velooity of solid explosives requires assumptions

conoernhg regions and conditio~ of which we are wholly @no-

rant. We may tentatively prooeed only In this way: We m= ao-

cept nbservatlons made under the highest possible pressures

available and by exta%polatlom aaloulate the oharaateristios

for detonation pressures and with these v&lues follow through

the .theory.developedfor the determindlozof detonatio~velooi-. .

ties. A oompexison, them, with veloolties that have been ob-

served, may give some Indication of the correctness of such an

extrapolatlo~ Suoh a method will at least have this to reoo-
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mend iti- It offers a possibility of gaining some insight into

equatlohs of state, speciflo heats and chemical equilibriums
.. . . . .

- for pr6ss~e”s”~o’L&e”at-that we oofid not ho~e to Investigate

them in any other way.

As: a first st~p in this direotion, I made use of Amagatls

Isothermal measurements tiloh reach to a pressure of 3000 atmos-

pheres~ 3’romthese investigations I have deduoed a simple for-

mula suitable for ertrspolatlon for the gad nitrogen. This pro-

oedure (Z. f. Physik ~, 393 (1921) ) resulfiedin the equation

By the use of this equation the detonation velocity of nl-

troglyoerine and meroury fulminate were de~ermlned with sn aoou-

raoy indicating the order at least of the magnitude observed.

In judging of this rough agreement, the fact must not be over-

looked that its uncerta.i,ntydoes not lie altogether in the pto-

posed equatiomof state. For instanoe, it was assumed in t~is

cslculatlom that the ohemioal composition of the reaction pzock

uots at the instant of detonation was the s&md 4s thotieobserved

after the reaotlon. At detonation pressures that may reaoh the

order of 100,000 atmospheres, the reaotion produotg may be quite

different from those existing under normal conditions. The cxc-

.dimxy-detonation of hydrogen and oxygen gas “pto?ldes‘5good

example for the ln~estlgation of these relations (Pier, 1.cJ.).

To this uncertainty respeothg the chemlceJ.equilibri~ is to
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be “@cd the uncertainty oonoernhg specifio heat values for the

Unusual-conditions--metw#th-in-detofiation...- Indeed, in sny con-

slderatlom lnvo~vhg the oondition of matter within the deton~

tlom wave It should be bletily borne”in mind that any resl

knowledge of this regiom.has sosmely passed the stsge of a

first rough guess.
.

10. The prooesses within the detonation wave.- The inves- .‘

tigation of the prooessee occurring wlthlm.a wave of compression

( Seotlons 6 snd 7 - N.A.C.A. Technical.Memorandum No. 505, Part

I) sre of psrticulex interest in reference to detonation. Sinoe

the discovery of the detonation wave by Ber%helot in 1883, the

questiomhas been often end insistently disoussed as to how the

p=tlcles of the e~loslve components at the weve front are In

reality brought to their extremely rapid trsnsformatio~ This

questiom.lies at the very basis of any Investigation of the ex-

plosive prooess. Detonation, at least of solid ex@oslves, is,

in faot, wholly incomprehensible as long as It is assumed that

the only Incitaticmnto reaotiom that a single psxtiole of the

explosive receives derives from the adiabatlo oompressio~ of

the detonation wave. By such a cc?mpresslona solid body at the

temperature of liquid-air,
.

. where detonatio~prooeeds very uni- .

fcnmilyjwould be so little heatedthat its dioiociatiorccould

not thereby be expldned. The same difficulty presents itself .

also im the ease of gases. Le Chatelier (C. R. ~, 1~55 (1910)”)::

was of opinion that an e~lanatlon aould be found.by assuming “
.
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in the wave front were brought by oompres-

.-. siom alone to thefit.igiiitlozi’’”femperslmreand.

chemical transform~tion followed.. When this

rled out quantitatively (vanlt Hoff, Vorles.

that then the rapid

assumption is car-

u TheoretO u...

physlk. them. 2d Aufl. p.2M5 (1901) Nernst, Theor. Chem. 8 bls

10 Aufl. 769 (19?1) ) for the case-of oarbon monoxide and oxy-

gen, a detonation pressure of 250 atmospheres ~uld be required;:
●

while carrl”edout rigidly by”thernodynami’c”theory whose c@reot-

ness Is substantiated by the vclues indicated o.hovefor deton~

tion velocity.. A pressue of only 17.2 atmospheres would be

produced.. “Similarrelationships hold for all other gaseous mi%-”

tures. The theory developed by le Chatelier is,.tlierefore,in-

adequate to expl~n the real processes occurring within the det-

onation wave.

Om the other hand, the conception seems reasonable that the

explosive transformation of the substance depends upon a prelim-

inary heating of Its psrtiolesi In the first paragraph of this

paper (Teohntcal.Memorandum No. 505, Psrt ~), the insight sf-

forded us concerning the prooesses taking place ~tliln a simple

Impulse wave allow us to state that this heating process depends

upon heat transfer knd the corresponding increase In the number

of molecular Impacts...~e.were able.to show,ln that--placethat.,.-.

in the ease of the simple sound wave that heat oonduotion could

not be ignored but that on the oontrexy It played a determining

role.in the mechanism of th6 prooess. RTom the close relation

1
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between Impulse and detonation waves there can be little doubt

-that these -charaoteristlo’sa~ly also *O the detonation w~e.

It seems necessary, therefore, to conolude that in the oaae of

detonatiorcthe heating of the p~tlcles that have reaohed the

wave front, to their ignition temperature, takes place prinol-

pally through heat conduotlom.from the-particles last burned

(that 1s, by the Impacts of individual moleoules from the very

thin wave of high temperature). .

It is interesting to observe that the most successful ex-

perimenters in the field of gas detonatio~ Berthelot and Dixon,

slso made use of such an o.ssumption. They conoelved that from

the hot Wave front

their high kinetic

moleoules

energy by

were thrown

impaot with

forward that shexed

the molecties in front

of the wave and thereby brought them to a condition of actlv~
,

tion. This conception seems more reasonable than the one offered

by le ChoXelier. (The photogr~hio records upon whioh le C!hate-

lier based his ndarh oompresslonsl.waves” to prove his theory,

were later shown.by Dixon (1.o. 1903) to be oontrast effeots of

the plate and not admissible as evidenoe.) Berthelot and Dixon,

however, were both In error in so f& as they sought to justify

their theory from the obsqrved vslues of detonation velocity. .

They did not know that the-~e+vduea (e~ressed.in.the...thermody-.,,.
namlo equations (40), (46) ) were Independent of the mioroscopio

prooesses, whatever they might be, taking plaae within the w~e

front, and that the mme values were srrlved at by the appllo~

.
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tio~ of olassical dynamics.

., ‘--’Iri””oo-nclii6ionI tish to state emphatically that the discus-

sion i= this last paragraph is oomfined solely to the question

of the Wavels propagation after onoe being stated. The problem

of the origin of the detonatiomwe,?reor the lnoeptio~ of an ex-

plosiomis not here considered.

summary of Results

When proper consideration Is psid to friction and heat con-

ductio~ that must be present with all bodies, It is shown in the

analysis made of compression Impulses that the theory of instw

ble surfaoes may be dispensed with.

The actual thiokness of the wave front has been numerically

determined for a gas and for a liquid.

By the introduction of a ohemiccl.transformation within the

impaot wave a complete genersl conception of detonation and nor-

ma3 burning is secured.

While the complete analysis ad ccloulationof the rate of

norma3 burning has not yet been effected, the present consider-

ation, by msklng use of the principle of stability, has been

able to set a definite value for normel detonation velocity.
..0. . . .

.,.!
This va3ue Is in ezcelleritagreement with bbserved results In

the ease of gases and gives fair approximations for the ease of
.

.solids.

_— — . —- -— -.
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By application of the deductions here presented, the possi- .

‘bll’it~.is‘off~~ed’of‘follow-lngthe”physicel characteristics and

chemical transformations experimentally to an order of 100,000 .

atmospheres presstie.

An important difficulty In understanding detonation phenom-

ena is overcome by a consideration of heat conductivity.

.

.

.. . . .. .. . . .- -
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